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ENGINE AIR AMOUNT PREDICTION BASED
ON ENGINE POSITION

CROSS-REFERENCE TO RELATED
APPLICATTONS

This application 1s a continuation of and claims priority to

application Ser. No. 10/374,189, filed on Feb. 26, 2003 now
U.S. Pat. No. 6,796,292, entitled “Engine Air Amount Pre-
diction Based on Engine Position”, assigned to the same
assignee as the present application, and incorporated herein
by reference 1n 1ts entirety.

FIELD OF THE INVENTION

The present invention relates to a method for controlling
an 1nternal combustion engine and more particularly to a
method for adjusting injected fuel based on a prediction of
air entering a cylinder for future mnduction events.

BACKGROUND OF THE INVENTION

Engine starting control has a significant impact on engine
emissions. Conventional methods use several ditferent
approaches to start an engine. Some approaches use fixed
fuel 1njection values based on empirical testing, while others
read sensors and attempt to calculate fueling based on the
current state of the sensor information

One method to adjust fuel during an engine start is
described 1n U.S. Pat. No. 5,870,986. This apparatus pro-
vides a start timing fuel injection controlling apparatus for
an internal combustion engine. The fuel injection 1s per-
formed 1n synchronism with an intake stroke of each cylin-
der 1n starting the internal combustion engine provided with
a plurality of cylinders. The apparatus counts a total number
of fuel injections 1n all the cylinders from a start of an
operation of the engine. It advances by a predetermined
period a fuel injection start timing when the count 1s equal
to or more than a predetermined number.

The inventors herein have recognized several disadvan-
tages of this approach. Namely, the approach focuses simply
on changing when the fuel injection 1s performed, but does
not recognize that air quantity changes for each cylinder
during a start depending on injection count. Therefore, the
above-mentioned approach does not fuel the engine as
accurately as possible since the air that actually enters the
cylinders changes throughout the engine start and depends
on when the fuel injection 1s first started, as well as various
other parameters. In addition, the above-mentioned
approach does not predict future engine events, which also
reduces fueling accuracy. Yet another disadvantage of the
before-mentioned approach is that i1t does not have the
ability to adapt to engine wear or manufacturing variation.

SUMMARY OF THE INVENTION

In accordance with the present invention a method that
accurately predicts an engine air amount during start is
presented. The method comprises: counting a number of
cylinders receiving at least one fuel injection from a start of
an operation of the internal combustion engine; and calcu-
lating an estimated engine air quantity based on said counted
number of cylinders, and adjusting delivered fuel based on
said estimated engine air quantity. This method can be used
to reduce the above-mentioned limitations of the prior art
approaches.
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By estimating an engine air quantity based on a number
of cylinders receiving at least one fuel injection, it 1is
possible to accurately determine the amount of air in the
engine and thereby provide an appropriate quantity of fuel,
even as the air 1s changing during a start.

In other words, from the first cylinder to receive fuel and

the number of cylinder firings per revolution it 1s possible to
predict when the first fueled cylinder and subsequent cylin-
ders will fire. During a start, the fired cylinders produce a
large engine acceleration. The acceleration 1n turn increases
the piston speed of other cylinders in the engine. For
cylinders on their intake stroke, inducting air, the accelera-
fion increases the rate of pressure drop in the cylinder. This
causes 1ncreased flow from the intake manifold into the
cylinder during induction, resulting 1n evacuation of the
intake manifold and a corresponding change in engine air
amount. Therefore, by keeping track of the number of fuel
injections, the corresponding change 1 engine air amount
can be predicted. Also, given similar starting conditions such
as barometric pressure, air temperature, and engine tempera-
ture, an engine will fire and induct air in a consistent manor.
Consequently, engine air quantity measurements from past
starts can be used to accurately predict future engine air
amounts, and therefore factors such as engine wear can be
taken 1nto account.

It 1s possible to derive engine position and expected
cylinder firing using many alternatives. Counting individual
injections 1s one method, but some starting strategies use
multiple 1njections per cylinder to start an engine. Therefore,
the number of injections exceed the number of cylinder
events, however it 1s still a stmple matter to determine when
the engine will fire because engine position can still be
determined. For this reason, 1t 1s not important what engine
position related parameter 1s counted, but 1t 1s important to
count an engine parameter that allows the engine controller
to determine engine position during a start.

The present invention provides the advantage of improved
air/tuel control during engine starting, resulting 1n lower
emissions. This advantage 1s especially advantageous when
a catalyst 1s cold and 1its efficiency 1s low.

Note that there are various approaches to idenfifying
engine starting. For example, the engine start can be the
period between when an engine begins turning under the
power of a starter, until 1t 1s rotating at or above a desired
idle speed. Alternative, the engine start can refer to engine
cranking and run-up. Still another approach 1s to identifying
engine starting 1s the period beginning from key-on until a
desired engine speed/load 1s reached.

The above advantages and other advantages, objects and
features of the present mmvention will be readily apparent
from the following detailed description of the preferred
embodiments when taken in connection with the accompa-
nying drawings.

BRIEF DESCRIPITION OF THE DRAWINGS

The objects and advantages described herein will be more
fully understood by reading an example of an embodiment
in which the invention 1s used to advantage, referred to
herein as the Description of Preferred Embodiment, with
reference to the drawings, wherein:

FIG. 1 1s a schematic diagram of an engine wherein the
invention 1s used to advantage;

FIG. 2 1s a plot showing engine air amount and the 1deal
engine air amount during a start;
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FIG. 3A 1s a plot showing how a change 1n engine speed
1s related to the change in 1deal air amount during a start,
signals are referenced to first 1injection;

FIG. 3B 1s a plot showing how a change 1n engine speed
1s related to the change in 1deal air amount during a start,
signals are referenced to first known engine position;

FIG. 4 1s a plot showing a comparison between prediction
of a change 1n engine air amount based on engine speed and
ideal engine air amount at start;

FIG. 5 1s a plot showing a comparison between prediction
of a change 1n engine air amount based on engine position
and a change 1n engine speed to 1deal prediction of an engine
alr amount at start;

FIG. 6 1s a high level flow chart of predicted engine air
amount based on method of fuel delivery at start, Big-Bang
or sequential;

FIG. 7a 1s a high level flow chart describing sequential
fuel control based on predicted engine air amount;

FIG. 7b 1s a table of example air amount changes during
a start,

FIG. 8 1s a high level flow chart describing Big-Bang
fueling and 1ts interaction with predicting engine air amount;

FIG. 9 1s a high level flow chart describing engine air
amount prediction during a change in engine speed; and

FIG. 10 1s a high level flow chart describing when a
change 1n engine speed 1s used to predict engine air amount
during a transient.

DESCRIPTION OF INVENTION

Referring to FIG. 1, internal combustion engine 10,
comprising a plurality of cylinders, one cylinder of which 1s
shown 1n FIG. 1, 1s controlled by electronic engine control-
ler 12. Engine 10 includes combustion chamber 30 and
cylinder walls 32 with camshaft 130 and piston 36 posi-
tioned therein and connected to crankshait 40. Combustion
chamber 30 1s known communicating with intake manifold
44 and exhaust manifold 48 via respective intake valve 52 an
exhaust valve 54. Combustion chamber 30 1s also shown
having fuel injector 66 coupled thereto for delivering liquid
fuel 1 proportion to the pulse width of signal FPW from
controller 12. Fuel 1s delivered to fuel injector 66 by fuel
system (not shown) including a fuel tank, fuel pump, and
fuel rail (not shown). Alternatively, the engine may be
configured such that the fuel i1s injected directly mto the
intake manifold, directed at the cylinder port, which 1is
known to those skilled 1n the art as port fuel 1njection. Intake
manifold 44 1s shown communicating with throttle body 58
via throttle plate 62.

Conventional distributorless 1gnition system 88 provides
ignition spark to combustion chamber 30 via spark plug 92
in response to controller 12. Two-state exhaust gas oxygen
sensor 76 1s shown coupled to exhaust manifold 48 upstream
of catalytic converter 70. Two-state exhaust gas oxygen
sensor 98 1s shown coupled to exhaust manifold 48 down-
stream of catalytic converter 70. Sensor 76 provides signal

EGO1 to controller 12.

Controller 12 1s shown 1 FIG. 1 as a conventional
microcomputer mncluding: microprocessor unit 102, mput/
output ports 104, and read-only memory 106, random access
memory 108, and a conventional data bus. Controller 12 1s
shown receiving various signals from sensors coupled to
engine 10, 1n addition to those signals previously discussed,
including: engine coolant temperature (ECT) from tempera-
ture sensor 112 coupled to cooling sleeve 114; a measure-
ment of manifold absolute pressure (MAP) form pressure
sensor 122 coupled to intake manifold 44; a measurement
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4

(ACT) of engine air amount temperature or manifold tem-
perature from temperature sensor 117; a cam position signal
(CAM) from cam sensor 150; a profile ignition pickup signal
(PIP) from a Hall effect sensor 118 coupled to a crankshaft
40, and an engine speed signal (RPM) from engine speed
sensor 119. In a preferred aspect of the present invention,
engine speed sensor 119 produces a predetermined number
of equally spaced pulses every revolution of the crankshaft.

Referring to FIG. 2, a plot showing several signal trajec-
tories as they occur when starting a six-cylinder engine. The
signals 1n FIG. 2—-5 have been scaled to show the relation-
ships between the signals and not their actual magnitudes.
The signal labeled PIP, uses a rising edge to identify each
engine cylinder position 10 degrees prior to top-dead-center
of compression stroke, creating an engine event signal. The
period of the cylinder event in degrees 1s: 720/number of
engine cylinders. In other words, an engine event 1s a
cylinder reaching top-dead-center of compression stroke;
PIP 1s constructed relative to engine events and all cylinders
will fire over a period of 720 degrees.

Engine sensors are sampled relative to the PIP signal.
Sampling may occur on rising or falling edge or in any
combination of edges. The +’s and 0’s represent data cap-
tured at the falling edge of PIP. It 1s also recognized that
engine position could be dertved from a signal with more or
less resolution than the one shown here. The signal labeled
“EAA”, Engine Air Amount, 1dentified by +’s, 1s the air
mass entering a given cylinder when the sample was taken
at the PIP edge. The signal labeled “IEAA”, two-event 1deal
prediction of engine air amount, 1dentified by O’s, 1s the
two-event 1deal prediction of air mass entering a given
cylinder. Air mass data gathered during a start 1s shifted two
PIP events to create this signal. As will be described below,
this 1deal prediction 1s not available 1n real-time, and thus the
present 1nvention describes various ways to estimate these
values.

The area between the engine air amount signal (EAA) and
two-event ideal engine air amount (IEAA) signal is the
region that conventional approaches can produce and this is
the error the present invention seeks to reduce. Notice, as the
engine speed increases the engine air amount decreases. This
1s an 1mportant observation linking a change 1n engine speed
to a change m engine air amount utilized i1n the present
invention as described below. In other words, the present
invention recognizes that a prediction of an engine air
amount for future induction events can be predicted based
on measured change 1n engine speed.

Referring to FIG. 3A, a plot showing important signals
used to create two-event predicted engine air amount based
on a change 1n engine speed, referenced to an 1njection
counter (CYL__CNT). PIP is shown again because it illus-
trates the relative timing between signals of interest. Signals
identitying the location of first injection and the number of
events after first injection are also shown, INJ1 and
CYL_ CNT. Difference in engine speed (AN), identified by
*’s, change in ideal engine air amount (AIEAA), identified
by 0’s, change in engine air amount (AEAA), identified by
+’s, and engine speed (RPM) are also shown.

The figure shows that a change 1 engine speed and
change 1n engine air amount gives little indication of chang-
ing predicted 1deal engine air amount two events prior to the
first indication of engine acceleration. However, once engine
position and the first cylinder to receive fuel are known,
change 1n engine speed and change 1in engine air amount can
be more accurately predicted.

After engine position 1s determined, counting the number
of engine events after first injection allows the engine
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controller to predict where the first cylinder fueled will fire.
This 1s possible because the fueled cylinder will almost
always fire, when properly fueled, the same number of
events after receiving fuel. The firing of a cylinder 1ncreases
engine speed resulting 1n a change of engine air amount.
Therefore, by predicting when the first cylinder will fire,
controller 12 1s able predict the change 1n engine air amount
prior to the cylinder firing.

An 1njection counter 1s formed by incrementing the vari-
able CYL__CNT each time an injection occurs, starting {from
the first injection. Since the fuel 1s delivered sequentially,
cach engine event has a corresponding injection. Therefore,
once the mnjection counter starts it will increment on every
engine event.

According to the present invention, controller 12 provides
the prediction of change 1n engine air amount based on
engine position until a minimum number of 1njections have
occurred or a predetermined level of engine acceleration has
been exceeded (CYL__CNT>OL__PRE). Where CYL CNT
1s the number of injections and OL_ PRE 1s the number of
predetermined engine position based predictions. Thereafter,
a change 1n engine speed 1s used to predict a change 1n
engine air amount during a start. After the engine has started
a different two-event engine air amount prediction method 1s
used as described below with regard to FIG. 6.

Referring to FIG. 3B, a plot stmilar to FIG. 3A, but also
shows signals that identify the location where engine posi-
tion 1s first known and the numbers of events thereafter,
SYNC and EVNT__CNT. These two signals are used to
show an alternate embodiment to the method described by
FIG. 3A, two-event predicted engine air amount referenced
to an engine event counter. Difference in engine speed (AN),
identified by *’s, change 1n 1deal engine air amount
(AIEAA), identified-by 0’s, change in engine air amount
(AEAA), identified by +’s, and engine speed (RPM) are also
shown.

Counting the number of engine events after engine posi-
tion 1s known allows engine controller 12 to predict where
the first cylinder fueled will fire. This 1s possible because the
first fueled cylinder will almost always fire, when properly
fueled, the same number of events after receiving fuel.
Knowing the number of events after first injection where
firing will occur, along with the number of events between
engine position i1dentification-and first fueling, the total
number of events between position 1dentification and first
firing can be established. Using the same procedure
described 1n FIG. 3A, but counting from where engine
position 1s first known, controller 12 1s able predict the
change 1n engine air amount prior to the cylinder firing.

Referring to FIG. 4, a plot showing change 1n two-event
ideal engine air amount (AIEAA), identified by *’s, and
change in predicted two-event engine air amount (APEAA),
identified by x’s. Taking the difference between EAA and
IEAA, then zeroing out the first few events that will be
predicted using engine position, creates AIEAA. APEAA 15
created by calculating change 1n engine air amount based on
change 1n engine speed using the method of the present
invention. APEAA data has not been shifted and 1s calcu-
lated from a difference equation i1dentified from a different
data set. Notice, the close correlation between the prediction
made by the present invention and the ideal two-event
change 1n engine air amount. This shows that using a change
in engine speed, 1t 1s possible to obtain an accurate predic-
tion for engine air amounts that will occur during induction
events occurring after the current sample 1nterval. Also, data
used to create FIG. 4 and FIG. 5 1s different data than the
data used to determine model coefficients, FIG. 3A.
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Referring to FIG. §, a plot showing change 1 two-event
ideal engine air amount (AIEAA), identified by *’s, and
predicted two-event engine air amount (APEAA), identified
by x’s. However, FIG. § also includes three engine air
amount predictions based on engine position. The first two
engine position based predictions are made because no
change 1n speed 1s observed as described above with regard
to FIG. 2. The third engine position based prediction is used
because the engine speed/engine air amount difference equa-
fion needs two engine events to follow the AIEAA signal.

Referring to FIG. 6, a flowchart of a routine performed by
controller 12 that determines how to calculate predicted
engine air amount, during a start, based on type of fueling
used to start an engine. The routine provides up to three
different methods to calculate engine air amount during a
start. These methods are performed in sequence based on the
current conditions of the engine. In step 610, engine oper-
ating conditions are read. Operating conditions are deter-
mined by measuring engine coolant temperature (ECT),
engine air amount temperature (ACT), barometric pressure
(BP), and parameters alike. These parameters are used to
compensate engine air amount estimates 1n blocks 612, 622,
and 630. In step 612, a base engine air amount 1s calculated
using the well-known 1deal gas law equation PV=mRT,
before the engine begins to turn. The ideal gas equation,
written for a four-cylinder engine compensated for operating,
conditions 1s as follows:

D
Mceyl = ART (N, load)- P, - frBP(BP)- fnTem(ECT, ACT)

Where Mcyl 1s the engine air amount or cylinder air charge,
D 1s the displacement of the engine, R 1s the gas constant, T
1s the engine air temperature. The symbol n represents the
engine volumetric efficiency, empirically derived, stored in
a table with indices of engine-speed and load. Manifold
pressure, Pm 1s based on measuring a signal from pressure
transducer 122. Barometric pressure compensation 1s stored
as a function, InBP, and 1s empirically derived so that it
expresses the change in engine air amount as operating
barometric pressure deviates from some nominal barometric
pressure. Heat transfer between the engine and the engine air
amount has an influence on volumetric efficiency and the
engine air amount inducted. The table FnTem 1s an empiri-
cally derived table that has x indices of engine coolant
temperature (ECT) and y indices of engine air amount
temperature (ACT). Based on these engine operating con-
ditions, FnTem provides compensation for heat transfer.
Then, this engine air amount 1s passed to block 812 or block
716, depending on the fueling method selected. In step 614
the controller 12 determines 1f the engine 1s turning. If the
engine 1s turning the routine proceeds to step 616, if not, no
additional engine air calculations are made until the engine
turns. Step 616 sclects the engine air amount calculation
method based on engine fueling method.

[f Sequential Electronic Fuel Injection (SEFI) is selected
the routine proceeds to step 618. In step 618 the engine
controller 12 determines engine position using signals pro-
vided by crankshaft 118 and camshaft 150 sensors. Once
engine position 1s determined, fuel 1s delivered on a closed
valve to the cylinder whose intake stroke 1s next to occur,
reference FIG. 7A SEFI Fueling. SEFI fueling continues for
N1 engine events without an update to the change 1n
predicted engine air amount. However, base engine air
amount 1s updated at each engine event, but the change 1n
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engine air amount due to a change in engine speed 1s zero
since there 1s minimal engine acceleration until the first
cylinder fueled fires. Step 620 provides engine event delay,
when cylinders are not firing no change 1n predicted engine
air amount 1s needed. Typically, N1 1s calibrated to a number
of engine events, begimnning with the first fueled intake
stroke, where N1 1s calibrated based on the following
equations:

X=T720/#Cylinders

N1 Events=((720-360)/X)-2

After N1 events have occurred the routine proceeds to step
622 where the change in engine air amount 1s retrieved from
memory. The predicted change 1n engine air amount for the
next three engine events are stored in a table (Delta_ Mcyl).
(Note that the number used is determined based on factors
such as number of cylinders and number of events predicting
ahead. And here, three 1s selected as an example value for a
V6 engine.) The table has x dimension units of engine
coolant temperature (ECT) and y dimension units of engine
events (k). The stored value is then modified based on the
values of parameters measured i1n step 610. The values
stored in memory are empirically derived at nominal engine
operating conditions. As conditions deviate from nominal
the controller performs the following compensation:

APEAA=Delta_ meyl(ECT k) fnBP(BP)-fnlem(ECT,
ACT)

The base engine air amount, calculated 1 step 612, is
modified by the change 1n engine air amount to determine
the engine air amount for the next three engine events as
follows:

Engine Air Amount=Base Engine Air Amount-Change
in Predicted Engine Air Amount

Or

EAA=BEAA-APEAA

These three predicted engine air amounts can be considered
to be engine position dependant since they always begin two
engine events prior to the power stroke of the first fueled
cylinder. Change in predicted engine air amount 1s calcu-
lated on the PIP down edge to ensure recognition of engine
acceleration. During a start, engine air amounts are stored to
memory, providing the start 1s representative. In other
words, starting engine air amounts are saved 1f the engine
start produces at least one of the following attributes: the
expected engine acceleration, the expected air/fuel response,
or the expected emissions. The controller 12 can then adapt
to engine wear and manufacturing variation by using the
stored engine air amounts, and thereby base the engine air
amount on past starts. The routine then proceeds to step 626.

If Big-Bang (simultaneously fire all injectors) fueling is
identified 1n step 616 fuel 1s delivered at the first indicated
engine event, reference FIG. 8, and only the base engine air
amount 1s updated based on the 1deal gas equation for N2
engine events, where N2 1s calculated as follows:

N2=#cylinders-2

The delay 1s used with Big-Bang fueling because all cylin-
ders have been fueled and there 1s no sense updating the
engine air amount until the next fuel delivery 1s scheduled.
The routine then proceeds to step 626.

In step 626, the engine controller 12 determines 1if the
engine has accelerated as expected. If the expected engine
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acceleration has not been detected, engine air amount cal-
culations revert to base engine air amount calculations. If the
expected engine acceleration has been detected the routine
proceeds to step 630. In step 630 the change 1n engine speed
1s used to calculate the change 1n engine air amount,
reference FIG. 9. The steps 1n FIG. 9 are executed until a
specified number of engine events have occurred or the
change 1n engine speed falls below a predetermined thresh-
old. Then the routine proceeds to step 632 where the engine
air amount calculation 1s turned over to a different calcula-
tion method.

Referring to FIG. 7A, a flowchart of a routine performed
by controller 12 to control fueling based on a sequential
strategy 1s shown. In step 710, engine operating conditions
are read. Operating conditions are determined by measuring,
engine coolant temperature and parameters alike. These
parameters are used to compensate engine fuel amount
estimates 1n block 718. In step 712, the routine decides
whether to synchronize air and fuel delivery, step 714, or to
proceed and retrieve the engine air amount 1n step 716. If the
air and fuel have not been synchronized, the controller 12
aligns the two-event predicted engine air amount with the
next cylinder on intake stroke. In step 716, the two-event
engine air amount 1s retrieved from steps 612, 622, or 630
depending on execution of the routine in FIG. 6. In step 718,
the desired Lambda 1s retrieved from predetermined values
stored 1n a table. The table has x dimension units of engine
coolant temperature (ECT) and y dimension units of time
since start. Lambda 1s calculated as follows:

Adr
Fuel
Adr

F HEJSI‘DI' chiometry

Lambda (A) =

In step 720, fuel mass 1s calculated based on the engine air
amount from step 716, and the Lambda value retrieved 1n
step 718. Fuel mass 1s calculated as follows:

Engine  Air Amount
Air

F HEZ&M.{ chiometry

Fuel Mass =

Lambda

In step 722, injector pulse width 1s calculated using a
function whose 1nput 1s desired fuel mass and whose output
1s 1njector pulse width. In step 724, the imjectors are acti-
vated for the duration determined 1n step 722. This process
occurs for every 1njection event, using cylinder specific air
amounts, producing cylinder specific fueling.

Referring to FI1G. 7B, a table of example predicted engine
air amounts derived during a SEFI start. Starting from the
left, the first column contains the fueled cylinder induction
event number. The second column 1dentifies the method
used to calculate change 1n engine air amount, IGL refers to
Ideal Gas Law, PP refers to engine Position based Predic-
tion, and DN refers to Delta engine speed (N). The controller
12 selects the engine air amount calculation based on engine
position and acceleration. Column three 1s the calculated
change 1n predicted engine air amount based on the follow-
ing 1denfified difference equation:

y(k+1)+A v (k)=B x(k+1)+Bx(k)
or (1)

y(K)=—Ay(k-1)+Bx(k)+Box(k-1) (1)
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Where k indicates the sample number, A’s and B’s are scalar
coefficients, y(k+1) represents predicted engine air amount,
y(k) represents the previous engine air amount, X(k+1)
represents the current change 1n engine speed, and where
x(k) represents the previous engine speed. Column four
contains the change in predicted engine air amount based on
the above-mentioned difference equation. This prediction 1s
selected by controller 12 when a predetermined number of
engine events have occurred or when a minimum change 1n
engine speed has been detected. Column five contains the
prior change 1n engine air amount multiplied by the factor
Ao. Identification of parameters Ao, B1, and Bo 1s detailed
in the description of FIG. 9. Column six contains the prior
change 1n predicted engine air amount. Column seven con-
tains the current change in engine speed multiplied by the
factor B1. Column eight contains the prior change in engine
speed. Column nine contains the prior change in engine
speed multiplied by the factor Bo. Column 10 contains the
prior change 1n engine speed.

Referring to FIG. 8, a flowchart of a routine performed by
controller 12 to provide Big-Bang fueling. In step 810
engine operating conditions are read. Operating conditions
are determined by measuring engine coolant temperature
and parameters. These parameters are used to compensate
engine fuel amount estimates 1 block 814. In step 812,
engine air amount 1s retrieved from calculations made 1n
step 612. In step 814, the desired Lambda 1s looked-up using
the same method used in step 718. In step 816, the routine
determines if the engine 1s rotating, i1f so, all injectors are
fired stmultaneously 1n step 818, where the first engine event
1s detected. If the engine 1s not rotating, fuel 1s not delivered
and the routine waits until rotation 1s detected. In step 820,
the engine controller 12 determines engine position using
signals provided by crankshaft 118 and camshaft 150 sen-
sors. Once engine position 1s determined, predicted engine
air amount and fuel delivery are aligned. Big Bang fueling
provides fuel for two engine revolutions allowing the con-
troller 12 to wait N3 engine events, step 822, before begin-
ning SEFI fueling, step 824. Note that N3 1s the number of

cylinders 1n the engine.

Referring to FIG. 9, a flowchart of a routine performed by
controller 12 to calculate a change 1n engine air amount from
a change 1n engine speed. In block 910, a change 1n engine
speed 1s calculated. Engine speed changes may be deter-
mined 1n a number of ways using a variety of sensors. One
method to calculate a change 1n engine speed would be to
calculate engine speed at two distinct engine events and then
subtract the previous measurement from the current mea-
surement. Another method might use the change 1n engine
position divided by the change 1n time. Sensors used to
indicate engine speed would include Hall effect, variable
reluctance, tachometers, and optical devices. In step 912, the
change 1n engine speed from step 910 1s processed through
a transfer function or difference equation of the form:

yiz)  Biz+ By
x(z) 2+ Ag

or

y(k+1)=—Agy(k)=B x(k+1)+Bx(k)

The first order equation was selected because 1t provides a
ogood estimate of AIEAA during a change 1n engine speed
without sacrificing computation time incurred by higher
order equations. However, various other methods could be
used as described below. The coefhicients Ao, B1, and Bo are

10

15

20

25

30

35

40

45

50

55

60

65

10

determined from data acquired during a start or some other
condition where a large change 1n engine speed occurs. To
determine the coeflicients, the change in engine speed and
the change 1n engine air amount are recorded. Then, the
change 1n engine air amount 1s shifted two engine events in
the future. The first three significant values of change 1n
engine air amount are then zeroed out to produce a causal
system. In other words, a change 1n engine speed 1s being
used to predict a change 1n engine air amount; therefore, a
change 1n engine speed has to occur before a change 1n
engine air amount. Coelfficients Ao, B1, and Bo are then
calculated using a Least Squares Fit between change in
engine speed and change in engine air amount. The follow-
ing formulae are used to calculate the coeflicients:

y(K)=-Aqy(k-1)+Bx(k)+Box(k-1)

or

v2 | [ -y x2 x1 |[Ao]

y3 |=| —yv2 x3 x2 || Dy

Yl [ =Yn-1 Xy 3 || Do |
o1

Y=0O

then

O=(®'®) '®'Y

Data acquired from a V6 engine start produced the following
coellicients when processed using the before-mentioned
Least Squares method:

‘Ao —0.6807
O=|5B |=|-7.9759107°
| Bo ] | 24031%107%

Coeflicients Ao, B1, and Bo are stored in the memory of
controller 12 1n table format. Each coefficient 1s stored 1n a
unique table where engine coolant temperature (ECT) is the
x index to the array and barometric pressure (BP) is the y
index. In other words, the three coefhicients are read from
three tables and the table values are empairically derived at
different engine coolant temperatures and barometric pres-
sures. Additional tables are added when the method 1s used
during engine running transient conditions. The coeflicients
may be modified based on engine operating conditions read
in step 610. After a start or transient condition, controller 12
can process captured data using the same procedure as
described above to modify coeflicients Ao, B1, and Bo. The
next start or transient condition, with similar engine oper-
ating conditions will use the modified coeflicients. The
coefficients are then used in equation (1) to produce a
predicted change 1n engine air amount based on a change 1n
engine speed, step 914. The change 1n engine air amount 1s
then used with the base engine air amount to produce an
engine air amount based on the following equation.

Engine Air Amount=Base Engine Air Amount—-Change
in Predicted Engine Air Amount

Or

EAA=BEAA-APEAA
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The base engine air amount 1s calculated 1n step 612 or may
be calculated using another method by another routine in
controller 12 depending on how the prediction 1s used.
Additional difference equation identification methods are
also envisioned.

Referring to FIG. 10, a flowchart of a routine performed
by controller 12 to predict engine air amount during an
engine speed transient. The routine begins after a change in
engine speed has been observed. Then, a decision 1s made 1n
step 1002 whether to proceed or exit the routine. If the
absolute value of the change 1n engine speed does not exceed
N__LOW__LIM the routine 1s exited via step 1004. If the
change 1n engine speed exceeds N__LOW__LIM then the
routine proceeds to step 1006. Engine acceleration or decel-
eration 1s determined 1n step 1006. If the engine 1s acceler-
ating, the change 1n engine speed 1s processed by difference
equation (1), step 1010, whose output is a change in engine
air amount, FIG. 9. However, the difference equation coef-
ficients maybe different than those used when the routine 1s
called 1n step 630. If the engine 1s decelerating, the change
in engine speed 1s processed by difference equation (1), step
1008, but again may use different coeflicients based on
deceleration. Engine air amount 1s then calculated 1n step
914, based on coeflicients from steps 1008 and 1010. The
routine then exits back to the calling routine.

As will be appreciated by one of ordinary skill in the art,
the routines described in FIGS. 6, 7A, 8, 9 and 10 below may
represent one or more of any number of processing strate-
gles such as event-driven, interrupt-driven, multi-tasking,
multi-threading, and the like. As such, various steps or
functions 1llustrated may be performed i1n the sequence
illustrated, 1n parallel, or 1n some cases omitted. Likewise,
the order of processing 1s not necessarily required to achieve
the objects, features and advantages of the mvention, but 1s
provided for ease of illustration and description. Although
not explicitly illustrated, one of ordinary skill in the art will
recognize that one or more of the illustrated steps or func-
tions may be repeatedly performed depending on the par-
ficular strategy being used.

This concludes the description of the invention. The
reading of it by those skilled in the art would bring to mind
many alterations and modifications without departing from
the spirit and the scope of the invention. For example, 13, 14,
[5, V6, V8, V10, and V12 engines operating in diesel,
natural gas, gasoline, or alternative fuel configurations could
use the present imnvention to advantage. Accordingly, it 1s
intended that the scope of the invention be defined by the
following claims:

What 1s claimed 1s:

1. A fuel 1njection controlling method for an internal
combustion engine, comprising:

during a first mode:

counting a number cylinder events from a start of an

operation of the internal combustion engine;
calculating a first air quanfity based at least on said
counted number of cylinder events; and

adjusting delivered fuel based on said first air quantity;

and

during a second mode:

calculating a second air quantity based at least on engine

speed; and

adjusting delivered fuel based on said second air quantity.

2. The method of claim 1 wherein fuel 1njection includes
sequential Tuel injection during at least one of said first and
second modes.

3. The method of claim 1 wherein fuel 1njection includes
sequential fuel injection during both of said first and second
modes.

4. The method of claim 1 wherein said cylinder events
include cylinders receiving at least one fuel injection.
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5. The method of claim 1 wherein said first mode occurs
during a first set engine positions.

6. The method of claim 1 wherein said second mode
occurs during a second set of engine positions.

7. The method of claim 1 wherein said second air quantity
1s based at least on a change 1n engine speed.

8. A fuel mmjection controlling method for an internal
combustion engine, comprising:

during a first mode:

counting a number cylinder events from a start of an
operation of the internal combustion engine;

calculating a first air quantity based at least on said
counted number of cylinder events; and

adjusting delivered fuel based on said first air quantity;
during a second mode:

calculating a second air quantity based at least on engine
speed; and

adjusting delivered fuel based on said second air quantity;
and

during a third mode;

calculating a third air quantity based at least on at least a
manifold pressure sensor; and

adjusting delivered fuel based on said third air quantity.

9. The method of claim 8 wherein said cylinder events
include cylinders receiving at least one fuel injection.

10. The method of claim 9 wherein said third air quantity
1s further based on barometric pressure.

11. The method of claim 10 wherein said third air quantity
1s further based on air temperature.

12. The method of claim 9 wherein said second air
quantity 1s based at least on a change 1n engine speed.

13. A computer readable storage medium having stored
data representing instructions executable by a computer to
control fuel injection for an 1nternal combustion engine, said
storage medium comprising:

instructions for calculating a first air quantity based at
least on at least a manifold pressure sensor and adjust-
ing delivered fuel based on said first air quantity during
a first mode; and

instructions for counting a number cylinder events from a
start of an operation of the internal combustion engine,
calculating an second air quantity based at least on said
counted number of cylinder events, and adjusting deliv-
ered fuel based on said second air quantity during a
second mode occurring alter said first mode.

14. A computer readable storage medium having stored
data representing instructions executable by a computer to
control fuel 1njection for an 1nternal combustion engine, said
storage medium comprising:

instructions for calculating a first air quanfity based at
least on at least a manifold pressure sensor and adjust-
ing delivered fuel based on said first air quantity during,
a first mode;

instructions for counting a number cylinder events from a
start of an operation of the 1ternal combustion engine,
calculating an second air quantity based at least on said
counted number of cylinder events, and adjusting deliv-
ered fuel based on said second air quantity during a
second mode occurring after said first mode; and

instructions for calculating a third air quantity based at
least on a change 1n engine speed and adjusting deliv-
ered fuel based on said third air quantity during a third
mode occurring after said second mode.
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